Abnormal motion of the interventricular septum is frequently observed after uncomplicated cardiac surgery. We sought to elucidate the mechanism underlying this phenomenon by using continuous echocardiographic imaging of the heart from a constant transesophageal location in 21 patients undergoing their first cardiac operation. Quantitative global and regional functional analyses were performed in each patient at baseline (stage 1), after median sternotomy (stage 2), after sternal retraction (stage 3), after pericardiotomy (stage 4), after completion of cardiopulmonary bypass (stage 5), and after chest closure (stage 6 
Abnormal motion of the interventricular septum is frequently observed after uncomplicated cardiac surgery. We sought to elucidate the mechanism underlying this phenomenon by using continuous echocardiographic imaging of the heart from a constant transesophageal location in 21 patients undergoing their first cardiac operation. Quantitative global and regional functional analyses were performed in each patient at baseline (stage 1), after median sternotomy (stage 2), after sternal retraction (stage 3), after pericardiotomy (stage 4) , after completion of cardiopulmonary bypass (stage 5), and after chest closure (stage 6). During the first four surgical stages, mean left ventricular fractional shortening varied little among regions with a fixed reference system (maximum range, 31.6-39.2%; p=NS) but changed dramatically after the discontinuation of cardiopulmonary bypass (stage 5). The apparent medial hypokinesis that was observed (4.9±4.7% [SD] ) was accompanied by lateral hyperkinesis (65.2±4.1%, p<O.OOOl). These regional differences were completely eliminated with a floating reference system (33.6±2.7% for medial, and 34.8±1.7% for lateral; p=NS), suggesting cardiac translation. Quantitative curvature analysis supported this conclusion, with preservation of baseline regional curvature seen throughout the procedure. The mean length of individual translational vectors (reflecting systolic movement of the endocardial centroid) remained minimal (5 1.0 mm) through stage 4 but increased more than fourfold at stage 5, continuing in a medial direction after chest closure (5.2±3.0 mm and 271±6°from anterior). Thus, abnormal postoperative septal motion is not caused by removal of restraining forces of the pericardium or anterior mediastinum but rather appears to be directly related to events occurring during cardiopulmonary bypass. (Circulation 1990; 82:1325 -1334 T he accurate determination of left ventricular performance can provide important clinical and prognostic information on patients who have undergone cardiac surgery. Because assessment of global function alone may miss subtle but important changes, analysis of regional function has been advocated as a more sensitive and rational approach.' Unfortunately, the application of traditional methods of wall motion analysis to this population has produced unexpected results.2 In particular, the interventricular septum has often been found to display dyskinetic, or To exclude the possibility of perioperative myocardial damage that might alter regional ventricular wall motion, serial cardiac enzyme levels and 12-lead electrocardiograms were performed. None of the patients enrolled experienced a perioperative myocardial infarction, which was defined as the presence of new electrocardiographic Q waves, elevation of the creatine kinase-MB fraction greater than three times normal, or both.
The image of the left ventricle was recorded on magnetic tape at each of the following six surgical stages: stage 1, immediately after insertion and orientation of the transducer (baseline); stage 2, after bisection of the sternum (sternotomy); stage 3, after retraction of the sternal edges (sternal retraction); stage 4, after incision and retraction of the pericardium (pericardiotomy); stage 5, after discontinuation of cardiopulmonary bypass (cardiopulmonary bypass); and stage 6, after reapposition of the sternal halves at the end of the procedure (chest closure). Images were recorded only during periods of sinus rhythm. The endocardial contours were traced off-line by an expe- rienced echocardiographer without knowledge of the patient's clinical status or surgical procedure. Enddiastolic and end-systolic contours were taken from frames of the maximum and minimum endocardial areas, respectively. A magnification correction factor was also recorded from each frame.
Quantitative Analysis
Each traced endocardial contour was digitally entered into a custom analysis program. Global left ventricular size and function were assessed by comparing cavity areas circumscribed by the endocardial contours traced from the short-axis view. Area ejection fraction was defined as the ratio of the differences in end-diastolic and end-systolic areas to the end-diastolic area. A true center-of-area, or centroid, was computed for each tracing. Sixty-four equispaced chords were then constructed that emanated from the center-of-area of the end-diastolic contour. The chords were consecutively numbered in a clockwise direction, starting from anterior. Fractional chordal shortening was defined as the change in chord length from end diastole to end systole divided by the chord length at end diastole, expressed as a percentage. To permit assessment of regional performance independent of intraoperative changes in global function, each value for chordal shortening was normalized to the baseline (stage 1). The endocardial contour was subsequently subdivided into four segments (each encompassing 16 chords) representing the anterior, posterior, medial, and lateral walls of the left ventricle ( Figure 1) .
Two different reference systems, based on chordal shortening, were used for regional analysis.6 With the fixed, or external, frame of reference, the spatial relation between the end-diastolic and end-systolic contours was not altered (Figure 2 ). With the floating, or internal, frame of reference, the centersof-area of the two contours were superimposed before computation of chordal shortening. In this way, the effects of cardiac translation (if present) on regional wall motion could be minimized. 
Translational VectorAnalysis
To estimate the extent and direction of cardiac translation during each cardiac cycle, spacial movement of the center-of-area from end diastole to end systole was computed as a vectorial quantity for each surgical stage. In each patient, the vectors derived from the last five surgical stages were subtracted from that computed at baseline (stage 1) to help eliminate any apparent translation caused by preexistent regional wall motion abnormalities. The final result, hereafter known as the "translational vector," represents an index of the extent and direction of any translation that might occur during the course of the surgical procedure.
Statistics
Twenty-five patients were enrolled in the study. Of these, three were excluded due to an inability to obtain an optimal short-axis orientation, and one was excluded due to an incomplete surgical procedure. Table 3) .
The overall impact of the choice of reference system can be easily observed when the data are displayed in a graphic format (Figure 4) of reference. Accordingly, continuous measurement of normalized curvature was performed on each systolic contour. Mean curvature analysis data derived from all 21 patients are displayed in Figure 5 , with each curve depicting one surgical stage. The mean systolic curvature can be seen to vary somewhat at different regions along the baseline (stage 1) curves (range, 0.82-1.15). More important, the curves for all five subsequent surgical stages closely parallel the baseline curve, which strongly suggests that regional wall motion as measured by this analysis technique remained at baseline throughout the entire procedure. Analysis of Translational Vectors Apparent intraoperative cardiac translation was analyzed through the use of vectors depicting spatial movement of the endocardial center-of-area from its end-diastolic to end-systolic position. As shown in Figure 6 , this motion was minimal at baseline but quite evident throughout the cardiac cycle at the completion of the surgical procedure. A stage-bystage summary of translational vectors for each patient is given in Figure 7 . Note that the vectors were of low magnitude and randomly directed after the first three intraoperative events (stages 2-4). Immediately after the cessation of cardiopulmonary bypass (stage 5), medial systolic translation was apparent in nearly all patients. This phenomenon persisted after chest closure (stage 6). The average length of the individual vectors demonstrated a more than fourfold increase (p<0.0001) between stages 4 and 5 (Table 4) . Moreover, although the distributions of angles of these vectors were statistically random, during the first four stages (p=NS) a highly significant pattern of medial orientation was evident for stages 5 and 6 (p<0.0001). These effects are best summarized by vectorally averaging the data from each individual patient, thereby incorporating measures of both magnitude and direction into one vector for each stage. The resulting mean translational vectors are shown in Figure 8 . but none of these would be anticipated in the majority of postoperative patients. More recent studies with standard postoperative echocardiography have revealed that reduced motion of the interventricular septum is regularly accompanied by increased contraction of the posterior wall.614 Furthermore, the extent of systolic thickening of the septum generally remains normal despite its paradoxical movement.6,12 These findings raise the possibility of global cardiac movement within the chest during systole, with the diminished motion of the septum an apparent artifact of imaging the heart from a fixed point of reference such as the outer chest wall. Kerber and Litchfield postulated that this "total cardiac motion" resulted from fixation of the heart anteriorly by septal cardiac adhesions.12 This Regional wall motion analyzed by fixed reference scheme (top) is uniform forfirstfour surgical stages but shows marked and reciprocal regional abnormalities during the two stages that follow cardiopulmonary bypass. All apparent abnormalities disappear when same data are analyzed with floating reference scheme (bottom). explanation is inconsistent, however, with the identification of altered septal motion within hours of surgery18 and the tendency toward resolution with time. 9, 10, 12 It is logical that pericardium may play an important role in minimizing global movement of the heart. Indeed, paradoxical septal motion is often seen in patients lacking a pericardium, either due to its congenital absence or to its surgical removal for treatment of constrictive pericarditis.8 Some researchers have suggested that the pericardiotomy required for most cardiac surgical procedures effectively removes the restraining forces of the pericardium, allowing the heart to shift in an anteromedial direction during each cardiac cycle.9"1' However, three independent studies have failed to show any correlation between the frequency or severity of altered septal motion and the presence of surgical closure of the pericardium.3"2"8
Discussion
The most recent theory, advocated by Force et al,6 implicates the disruption of the structures in the anterior mediastinum that follows median sternotomy. This loss of extracardiac constraint permits the heart to shift anteriorly during systole. With Figure 5 shows the strong tendency of regional curvature to track the true baseline curve in all surgical stages with a maximum of 22.5% deviation (mean, 6.6+5.1% deviation) from baseline in any stage and at any point along the endocardial contour. This observation speaks strongly against true regional wall motion abnormalities in the genesis of postoperative altered septal motion. Analysis of regional myocardial thickening during systolic contraction provides an alternative technique for the assessment of regional function independent of one anatomical reference.6 Visual assessment of systolic thickening in our population demonstrates no change in any region throughout the entire procedure. However, marginal epicardial image definition in many patients, particularly at the medial and lateral walls, precluded quantitative comparison. This problem is often the limiting factor in the use of this technique and has prevented its widespread application.
We have applied the concept of vectorial analysis to help quantitate cardiac translation and pinpoint its onset. The resulting translational vector incorporates measures of direction and magnitude of apparent global movement of the heart from end diastole to end systole relative to its baseline presurgical state. Figure 7 displays these vectors for each patient at each surgical stage. After sternotomy, sternal retraction, and pericardiotomy, the vectors were of low magnitude (mean, 1.0±0.6 mm) and randomly directed. After cardiopulmonary bypass, mean vector length increased markedly (4.6±+2.9 mm, p<O.OOO1).
This pattern remained after chest closure (mean, 5.2+3.0 mm) with all vectors directed medially (mean, 271+6°from anterior). Hence vented in the present study by using a fixed extracardiac reference (i.e., the esophagus) for all imaging.
The results of our study provide important insights into the mechanism underlying altered septal motion. We observed the preservation of baseline wall motion patterns throughout the early operative period, including after incision and retraction of the anterior mediastinal contents and pericardium. Hence, it is doubtful that these structures "restrain" global heart movement as previously theorized.612 In contrast, marked changes in apparent wall motion were evident within seconds of reestablishing sinus rhythm after cardiopulmonary bypass. This observation appeared to be independent of the type of surgery performed. Therefore, this phenomenon is directly related to the use of cardiopulmonary bypass or surgical manipulations that occur during this time period. Support for our findings can be derived from Akins et al. 6 These investigators used radionuclide ventriculography to study interventricular septal motion in 22 patients undergoing one-vessel coronary artery surgery. All 11 individuals receiving cardiopulmonary bypass developed altered septal motion despite the use of two different myocardial preservation techniques; this compares with one of the 11 patients whose procedure did not include cardiopulmonary bypass. Although this study has been criticized on methodological grounds,18 the results are nevertheless impressive.
Why the events occurring during cardiopulmonary bypass should regularly lead to apparent cardiac translation cannot be resolved from the present study. This situation does not appear to reflect bypass time or preservation techniques, and the effect does not appear to be cumulative as no additional disturbance in septal motion was apparent in three additional patients studied with our technique during a second cardiac surgical procedure. Classic intraoperative ischemia seems an unlikely cause as only one patient in our series exhibited transient ST deviation during imaging. The potential role of cardiac manipulation and site of conduit anastomoses remain to be determined. It seems likely, however, that the use of cardiopulmonary bypass is an obligatory step in the genesis of classic postoperative altered septal motion. assistance and to Eleanor Georges for manuscript preparation.
